Methadone is a widely used opioid agonist treatment associated with QT prolongation and torsades de pointes. We investigated the QT interval in patients treated with methadone or buprenorphine using continuous 12-lead Holter recordings.
WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• Methadone is an effective opioid agonist treatment associated with QT prolongation and torsades de pointes.
• Controversy remains over how to determine the risk of torsades de pointes.
WHAT THIS STUDY ADDS
• Methadone is associated with prolonged QT but not dose dependent QT.
• Buprenorphine did not prolong the QT interval.
• Twenty four-hour Holter recordings and the QT nomogram are feasible in assessing the QT in patients prescribed opioid agonist treatment.
Introduction
Methadone is a first line medication for opioid dependence with demonstrated benefits of reduction of heroin use, improvement in psychosocial functioning including reduction in crime, reduced overdose, reduction in human immunodeficiency virus risk and, more recently, in hepatitis C transmission [3] [4] [5] [6] . Buprenorphine, now also a first line treatment for opioid dependence in many countries, has been shown to have benefits similar to methadone [7] . Approximately 900 000 patients worldwide were on methadone or buprenorphine in 2009 [8] .
Methadone is one of a number of medications associated with a prolonged QT interval [9] [10] [11] [12] , with an associated increased risk of the rare polymorphic ventricular tachyarrythmia torsades de pointes (TdP). Levo-acetyl methadol (LAAM), previously also used for treating opioid dependence, was withdrawn from the market due to concerns of QT interval prolongation [13] [14] [15] . In contrast, buprenorphine does not appear to be associated with QT interval prolongation [16] [17] [18] .
Numerous studies from around the world have reported on the prevalence of QT prolongation in patients on methadone treatment [19] [20] [21] [22] [23] [24] [25] . These studies range in sample size from 23 to 436, have prospective and retrospective designs, report on inpatient and outpatient groups, include patients with other conditions (cocaine dependence and HIV) and measure and correct the QT interval differently. QT prolongation is reported in zero up to two-thirds of patients across different studies, but a range of cut-off measurements are used to define QTc prolongation, from 430 to 500 ms. Different studies exploring QT interval prolongation have either demonstrated dose dependence [26] or not demonstrated [19, 27] a dose response relationship with methadone doses. Previous studies comparing methadone and buprenorphine have found that methadone prolongs the QT but not buprenorphine [16] [17] [18] 28] . Despite this, buprenorphine is on the list of QT drugs at crediblemeds.org as having a possible risk of TdP.
The QT interval measurement in the cardiac cycle is not static and follows a diurnal variation across a 24-h period. A limitation of using a single QT interval measurement to define whether a patient is above a threshold where there is an elevated risk of TdP is that patients' QT interval measurements may fluctuate over a 24-h period.
A number of formulae have been developed to correct the QT interval for heart rate, as measurements are heart rate dependent. However, limitations exist in all these formulae. A novel approach developed recently has been the use of a QT nomogram that allows plotting of the QT interval against the heart rate (HR) [9, 29] . A cut off line on this nomogram is used to ascertain QT interval measurements that would place a patient at elevated risk of TdP. Using a 24-h Holter recorder in combination with this approach permits a more detailed measurement of QT interval prolongation risk over a 24-h period. To our knowledge, this method has not been previously used in assessing the risk of QT interval prolongation for patients on opiate agonist treatment.
The aim of the current study was to investigate the use of a 24-h Holter recording to measure QT intervals and detect abnormal QT intervals based on the QT nomogram in a group of outpatients on methadone or buprenorphine treatment for opioid dependence.
Methods

Study design and setting
This was a prospective study of patients on outpatient opioid agonist treatment (methadone or buprenorphine), which used high resolution 12- 
Selection of participants
Participants were patients who accessed Newcastle Drug and Alcohol Clinical Services for either opioid agonist treatment, or who were not on opioid agonist treatment (including patients in cannabis and methamphetamine outpatient counselling programs) and were included as a comparison group. This study aimed to enrol 60 patients: 20 participants on methadone treatment, 20 on buprenorphine treatment, and 20 control participants. Participants on opioid agonist treatment were included if they were on stable opioid agonist treatment with a stable maintenance dose (≥ 60 mg methadone daily or ≥ 12mg buprenorphine) for at least 4 weeks, were adherent to treatment (maximum one missed dose per week), were able to safely comply with and complete the study and were able to wear a portable Holter recorder for a 24-h period. Patients were excluded if they had a history of violence towards others or unpredictable behaviour, were unable to give an account of their medical, family and drug use history, or were younger than 18 years. Pregnant patients were not included in the study.
Potential participants made themselves known to research staff after viewing advertisements in the clinic waiting area or were approached and informed about the study by study clinicians. If interested, potential participants were assessed to determine if they were eligible for the study using a brief screening form incorporating the inclusion and exclusion criteria. They were then fully informed about the study and asked to provide written consent. Participants were only included on a voluntary basis.
Interventions
Following consent, participants were required to attend Drug and Alcohol Clinical Services on two occasions. Visit one required up to approximately 2 h of the participants' time and involved: a medical assessment to obtain self-reported drug and alcohol use, opioid agonist treatment history, medical and mental health history, current medications, a physical examination, breath alcohol analysis to estimate the blood alcohol content, an education session on the requirements and limitations of wearing a Holter recorder, and fitting of the Holter recorder (Mortara, Milwaukee, WI, USA) which was attached to the patient with 10 leads to the chest in the manner instructed by the manufacturer [30] .
Participants then received their normal opioid agonist treatment dose. Patients taking buprenorphine receiving second daily dosing were required to have their dose administered on the day of Holter recorder fitting. The second visit was 24 h later, took up to approximately 1.5 h and involved removal of the Holter recorder, breath alcohol analysis, collection of blood samples and a urine specimen for drug testing. Blood samples (approximately 10 ml) were collected for blood chemistry analysis (potassium, calcium and magnesium).
Data collection
Clinical histories and patient examination were recorded on case report forms and then subsequently entered into a purpose designed database. Demographics, dosing information and duration of opioid agonist treatment, use of other drugs and alcohol, regular medications, examination (heart rate and blood pressure), investigations (urine drug screen and electrolytes), were then extracted from the database.
From the high-resolution Holter recordings, 10-s 12-lead high-resolution digital electrocardiogram (ECG) was sampled every hour over the 24-h period using the manufacturer's software (H-Scribe; Mortara). ECGs could not be extracted from the Holter recording at exactly the same time each hour due to movement artefact, but an ECG was extracted in each 1-h period where possible. ECGs were then imported into a second software package (E-Scribe) which provided on-screen measurement of the QT interval. The software provided an automated measurement of the QT interval and also the ability to manually adjust this using an overlapped view of the six chest and six limb leads of the ECG. QT interval measurements were excluded if the HR > 150 beats min -1 because the QT interval is difficult or impossible to measure at extreme HR. Two patients had a HR > 150 beats min -1 , both on only one occasion, one patient in the buprenorphine group had used amphetamines and the other in the methadone group was prescribed salbutamol. For every ECG, the QT interval measurement and the corresponding HR measurement were plotted on the QT nomogram to determine if the patient had an abnormal QT interval in the 24-h period and if so the frequency of abnormal QT intervals in the 24-h period. We used the QT nomogram because it provides a simple QT cut-off and method to account for HR. [9, 29] The abnormal cut-off (line) was originally taken from a study by Fossa et al. [31] , by digitizing QT-RR data in their Figure 1 and converting this to a QT-HR line. The QT nomogram cut-off was then evaluated systematically and compared to HR correction formulae in a series of 129 cases of drug-induced TdP vs. a group of 316 patients with overdoses of noncardiotoxic medications ( Figure S1 ) [29] . The nomogram was found to be more sensitive and specific than cut-offs at 440 and 500 ms using Bazett's HR correction [29] , and more sensitive than a cut-off of 500 ms using Fridericia's HR correction [32] . Since this original study the QT nomogram has been used in further studies to assess the risk of drug-induced QT prolongation in patients taking drug overdoses and substance use disorders [32] [33] [34] [35] .
All ECGs obtained from the Holter recorder were promptly reviewed and the QT interval measured within days of the recording. Any cases of QT interval prolongation defined according to the QT nomogram were reviewed by one of the investigators (G.K.I.) for accuracy. If clinically indicated, the participant was referred for further medical review by their treating medical officer, following discussion with the participant.
Outcomes
The primary outcome was the proportion of patients with at least one abnormal QT interval during the 24-h period in each participant group, defined as abnormal if the plotted QT-HR pair was above the abnormal line on the QT nomogram [29] .
The secondary outcome measures aimed to determine if the magnitude of the QT interval abnormality was associated with the dose ingested; and whether other factors influence the occurrence of an abnormal QT interval in these patient groups -age, sex, other recreational drugs, pre-existing cardiac disease and electrolyte abnormalities. The proportion (%) of abnormal QT readings occurring in 24 h was also calculated for each patient with an abnormal QT, as the number of hours with an abnormal QT divided by 24.
Analysis
The proportion of patients with an abnormal QT interval occurring in the 24-h period were compared between the three groups. Proportions are reported with 95% confidence intervals, calculated with Wilson's procedure with a continuity correction. Continuous variables are summarised with medians, interquartile ranges and ranges. The primary outcome comparing the proportion of patients with an abnormal QT interval prescribed methadone or buprenorphine vs. the control group was compared with Fisher's exact test. All graphical and statistical analysis was done using GraphPad Prism software (version 6 for Windows; GraphPad Software, San Diego; CA, USA).
Results
There were 58 participants recruited to the study with Holter data recorded (controls [19] , buprenorphine [20] , methadone [19] ). In two patients, the Holter recorder did not record due to technical issues and patient adherence. The median age was 35 years (20-56 years) and 33 were male. The baseline characteristics of the three groups are summarised in Table 1 . The use of other psychoactive drugs in the previous 3 months in all three groups was common, including other opioids, alcohol, benzodiazepines, methamphetamine and cannabis (Table 1) .
In total, there were seven patients who developed an abnormal QT interval; all were prescribed methadone. There was a significant difference in the proportion of patients on methadone with an abnormal QT interval 7 of 19 (37%, 95% confidence interval: 17-61%), compared to controls (0/ 19, 0%, 95% confidence interval: 0-21%; P = 0.008). There Figure 1 , including a comparison of patients prescribed methadone and controls. The individual plots for the seven patients with abnormal QT intervals is shown in Figure S2 . Figure 1D shows that in addition to the seven patients with abnormal QT intervals, the remainder of patients prescribed methadone also had longer QT intervals compared to controls, seen by the upwards shift of the QT-HR cloud. One patient prescribed buprenorphine had one QT-HR pair above the line for a HR of 145 beats min -1 where measurement of the QT interval is inaccurate due to the rapid HR. [34] This patient was taking methamphetamine confirmed on urine drug screening.
None of the patients prescribed methadone were on other medications known to cause QT interval prolongation and none had a history or family history of sudden collapse or significant cardiac disease. There was no difference between patients prescribed methadone who had an abnormal QT interval and those that did not (Table 2) , except there were more men among the patients with an abnormal QT interval. The median proportion of abnormal QT readings occurring over the 24 h period in the seven patients was 25% (4-46%).
Discussion
The study found that the QT interval is prolonged in a group of patients taking methadone for opioid agonist treatment, with over a third having an abnormal QT interval based on the QT nomogram. We could not find an association between methadone dose and QT interval prolongation. Buprenorphine was not associated with QT interval prolongation. QT interval assessment using Holter recordings was possible in patients prescribed opioid agonist treatment.
Previous studies assessing the QT interval for patients on opioid agonist treatment have used other methods of QT interval measurement and HR correction. The advantage of the QT nomogram is that it separates the HR correction from the measurement of the QT interval and provides a cloud of QT-HR pairs for each patient. Visually, this provides a semiquantitative way of comparing patients prescribed methadone and those not. Figure 1D demonstrates this with the upward shifting of patients prescribed methadone.
Measurement of the QT interval also varies significantly between previous studies, with some only measuring one lead [28] , and others measuring multiple leads but taking the longest, rather than the median measurement of the QT interval [18] . Decades of research into the measurement of the QT interval in the assessment of drug induced QT intervals, recommends using multiple leads and taking the median [36, 37] . Most problematic is the reliance on the automated measurement using standard ECG machines, which is known to be inaccurate, particularly for abnormal QT interval measurements [37] .
The lack of relationship between methadone dose and QT interval prolongation is unusual and differs to other drugs, which have demonstrated associations between dose and QT interval prolongation [38, 39] . Previous studies have reported this for methadone before [19, 27] . The reason for this is unclear, but may be simply due to the small sample size in our study. It may also be due to large interindividual differences in oral bioavailability and a poor relationship between dose and methadone concentrations [40] . Measurement of methadone concentrations should be undertaken in future studies to further explore the relationship between methadone exposure (dose), methadone concentrations and the pharmacodynamics of QT interval changes using Holter recordings.
Our study supports previous studies of buprenorphine that did not report QT prolongation. A small number of studies directly compared QT interval prolongation in patients prescribed methadone and buprenorphine [16] [17] [18] 28] . A Norwegian study found that 26/173 (15%) patients on methadone had a QTc > 470 ms and eight (4.6%) at QTc > 500 ms, while none in the buprenorphine group had an abnormal QTc [28] . A randomised controlled trial inducting and maintaining 165 opioid dependent patients onto methadone, buprenorphine or LAAM found QT interval prolongation in the methadone (23%) and LAAM (28%) groups, but not in the buprenorphine group [17] . A 5-year follow-up study of methadone and buprenorphine users found methadone but not buprenorphine was associated with a prolonged QT interval [16] . A study of spontaneous adverse drug events found that methadone is associated with cardiac arrhythmias, while buprenorphine is not [41] . A recent study in healthy volunteers found that transdermal buprenorphine did not cause QTc prolongation at therapeutic doses, but caused mild prolongation at supratherapeutic doses [42] .
The current study demonstrates the potential feasibility of using Holter recordings in clinical practice to measure the QT interval in patients on opioid agonist treatment. A high proportion of all patients were able to wear a 24-h Holter recorder, and return with measureable readings. The method of using 24-h Holter recording combined with using a QT nomogram may provide more sensitive assessment of QT interval abnormalities for patients on opioid agonist treatment. A single 12-lead ECG done at a single time point after a methadone dose may easily miss an abnormal QT. The seven patients with abnormal QT intervals, only had an abnormal QT for part of the 24-h period, demonstrating the importance of sampling every hour for a 24-h period. Given the significant implications of abnormal readings for patients on methadone maintenance, i.e. risks with continuing methadone treatment and the need to transfer to buprenorphine maintenance or reduce off methadone, more accurate assessment of the QT interval is essential. Transfer from methadone to buprenorphine maintenance can be difficult given the risk of precipitated withdrawal when transferring from high dose methadone [43, 44] , and withdrawal off methadone is associated with increased opioid overdose risk [45] .
There are a number of limitations of the study, including the potential for other prescription or illicit drugs to be taken during the 24 h period. Urine drug screening confirmed that many of the patients were taking cannabis and benzodiazepines, and a smaller group were using methamphetamines. Cannabis and benzodiazepine use have not been associated with QT interval prolongation. Methamphetamine is believed to prolong QT interval based on a single retrospective study of dependent methamphetamine users where only a single ECG was taken; there was no information on how the QT interval was measured and Bazett's correction was used in a population likely to have increased heart rates [46] . Other studies of methamphetamine toxicity do not report QT interval prolongation [47, 48] , and TdP has not be reported. There was one patient prescribed buprenorphine and confirmed methamphetamine use in this study, with a very rapid HR. This would certainly have an incorrectly assigned long QT interval if Bazett's formula was used for correction. However, plotting this on the QT nomogram demonstrates that it is in a region where the HR is so fast that accurate measurement of the QT interval is not possible and it is known that tachycardia is protective against TdP [29] .
Conclusion
Methadone was associated with a prolonged QT interval in over one third of patients, but there was no association with dose. Buprenorphine did not prolong the QT interval. The use of 24-h Holter recordings combined with the QT nomogram appears to be feasible in patients prescribed methadone and should be considered when assessing these patients for an abnormal QT interval.
